New York coastal regions are frequently exposed to winter extratropical storm systems that exhibit a wide range of local impacts. Studies of these systems have either used localized water level or beach erosion data to identify and characterize the storms, or used meteorological conditions from reanalysis data to provide a general regional climatology of storms. The use of meteorological conditions to identify these storms allows an independent assessment of impacts on the coastal environment, and therefore can be used to predict the impacts. However, the intensity of these storms can exhibit substantial spatial variability that may not be captured by the relatively large scales of the studies using reanalysis data, and this may affect the localized assessment of storm impact on the coastal communities. The impact of the storms on the coastal environment was assessed by computing 'storm average' values of storm surge data and by examining beach erosion along the south 2 shore of Long Island. A regression analysis demonstrated that the best storm surge predictor is based on measurements of significant wave height at a nearby buoy.
allows an independent assessment of impacts on the coastal environment, and therefore can be used to predict the impacts. However, the intensity of these storms can exhibit substantial spatial variability that may not be captured by the relatively large scales of the studies using reanalysis data, and this may affect the localized assessment of storm impact on the coastal communities.
A method that uses data from National Data Buoy Center (NDBC) stations in the New York metropolitan area to identify East Coast Cool-weather Storms (ECCSs) and characterize their climatology is presented. An assessment of the presence of storm conditions and a three level intensity scale was developed using surface pressure data as measured at the buoys. Our study identified ECCSs during the period from 1977 through 2007, and developed storm climatologies for each level of storm intensity. General agreement with established climatologies demonstrated the robustness of the method.
The impact of the storms on the coastal environment was assessed by computing 'storm average' values of storm surge data and by examining beach erosion along the south shore of Long Island. A regression analysis demonstrated that the best storm surge predictor is based on measurements of significant wave height at a nearby buoy.
Introduction
East Coast cool-weather storm systems, locally referred to as Nor'easters, are a dominant storm type experienced by communities in the New York coastal regions.
These systems bring high winds, heavy rain, flooding, ice storms, blizzards, heavy snow and extreme wind chills. These storms systems are primarily responsible for the erosion of the barrier beaches, and for the general westward transport of sediment throughout the littoral system that extends from Montauk to The Battery. The heavy surf during such events has destroyed numerous piers, seawalls, marinas, roads, boats and shorefront homes. Coastal flooding associated with these storm systems has compromised transportation infrastructure. For example, the December 1992 storm resulted in over $230 million in disaster assistance (DeGaetano et al. 2002) and temporarily flooded subway routes between New York (NY) and New Jersey (NJ). The eustatic sea level rise expected in the future climate (Intergovernmental Panel on Climate Change (IPCC), Fourth Assessment Report (AR4) 2007), which enhances the storms' ability to erode the beaches, along with the continued development on the shorefront is expected to increase the negative impacts of these extratropical storms on these densely populated regions.
These considerations make it critical to assess the potential behavior of U.S. East Coast cool-weather storms in a changing climate.
Studies that classify East Coast cool weather storms have been conducted using coastal damage reports, surface weather maps, wave heights, water levels and reanalysis data. Mather et al. (1964) used coastal damage reports in New York and New Jersey and determined that coastal storms affect the region on average once every 1.4 years. One important limitation to this approach is that coastal development over time increases the apparent number of damaging storms (Zhang et al. 2000) . Colucci (1976) used surface weather maps to compute an annual storm frequency in the region from Cape Hatteras, North Carolina, to the easternmost point of Maine. Hayden (1981) identified an increasing trend in East Coast cool-weather storm counts in the period from 1885 to 1978 based on weather maps and ship logs. The analysis of East Coast cool-weather storms based on surface weather maps is advantageous because of the length of the available record. However, their construction can be highly subjective, even more so over the ocean. In addition, this type of analysis is useful in terms of describing storm behavior, but is limited in terms of predictive capability.
Coastal storms produce large waves and storm surge and these data have been used to study coastal storm activity. A 25-year long observational record of local waveheight measurements was used in a study by Carter and Draper (1988) to investigate long-term trends. Davis et al. (1993) extended the record by using climatological data to hindcast wave heights that were used to define a five storm class classification system of Nor'easters based on the potential for coastal damage. The advantage of this approach is that the localized nature of the wave height data can be used to assess the storm impact on a specific beach. The disadvantage of this approach is the error introduced by the hindcast as well as the a priori assumptions used to relate local meteorology to wave height. Hourly water level data from tide gauges were used by Zhang et al. (2000) to infer storm surge, which in turn was used to identify individual storms and characterize their frequency and duration. A more desirable methodology is one that identifies the storm independently of its impacts, as this would allow a prediction of the impact of a forecasted storm.
More recently, NCEP/NCAR reanalysis data (Kalnay et al. 1996) for the period 1948-97 were used by Hirsh et al. (2001) to identify East Coast cool-weather storms based on surface pressure, tracks, location and near-surface winds. They developed a climatology of these storms and identified a clear influence of the phase of the El Niño -Southern Oscillation on the frequency of storms, finding that more storms occur during El Niño events. The spatial resolution of the NCEP reanalysis data is 2.5 by 2.5 degrees of latitude and longitude, corresponding roughly to an area of 25,600 km 2 . At this spatial resolution, a disadvantage of this approach for use in assessing storm impacts is that the localized impact of any particular storm event on a specific beach is difficult to assess.
Another similar disadvantage of this approach was pointed out in the study of DeGaetano (2008) . He used a slightly modified method to that of Hirsh et al. (2001) to identify East Coast cool-weather storms and examined the relationship between those storms and the storm surge activity near Long Island, New York. He found that the seasonal predictability of storm surge based on those storms was limited in part by the large geographic scope needed to identify storms with this method. He makes the point that individual surge events at a particular location are affected by the storms that impact only a small part of the region of study.
All of these studies have provided a general characterization of East Coast Coolweather Storms (ECCSs) along the East Coast of the United States as a whole. Given the focused regional extent of these coastal storm systems, however, it is crucial to investigate the storm properties (winds, precipitation and waves), and the resulting impacts (erosion, storm surge, flooding, wind damage) using a focused regional approach. The present work has advantages over the existing methods to characterize ECCSs for use in studying local storm impacts. We assess the behavior of ECCS systems in the New York metropolitan area using meteorological data from ocean buoys to define and classify the storms and describe their climatology. In addition, we compute climatological means of the impact of the storms on water levels and beaches. Our method has a local focus, uses meteorological conditions to assess the storms, and provides a highly localized independent assessment of storm impacts. This method therefore has the potential to be used to predict the impact of forecasted ECCSs. The method is described in detail in the next section, and the resulting climatology is presented and discussed in Section 3. were subtracted from the observed water levels at the gauges. The record was then detrended to remove both the long-term sea level change and the average annual cycle.
Technique for Identification and Characterization of ECCSs
Beach profiles were also examined to assess storm impacts. Beach profile data were obtained for three beaches along eastern Long Island from the Stony Brook University, Coastal Ocean Action Strategies (COAST) Institute (see Figure 1 ).
Differences between consecutive profile measurements, which have an approximate four to six-week temporal resolution, were used to compute average shoreline recession or accretion rates and changes in beach volume. To establish connections between erosion at a specific beach and the storm activity as assessed at the different buoys, storm counts for each buoy's storm determinations were computed during each beach profile survey period.
The potential limitations of the methods presented here to determine and Due to the Eulerian nature of the measurements used in our analysis, we cannot determine the spatial relationship between the location of a storm's minimum surface pressure and the buoy at any given time. From our classification, therefore, a Level 1 storm may result either from an intense storm affecting the East Coast region but tracking at a distance or from a weak storm overhead. Based on an extensive examination of surface weather maps and storm track locations for our Level 1 storms, we concluded that the majority of Level 1 storms identified at the near-shore buoy tracked at a distance and only 'grazed' the buoy location. These storms do have a reduced impact on the coastal environment, however, and are correctly identified as 'weak' storms for our analysis.
Results and Discussion
Results of the analysis described in Section 2 are presented here. The focus of this presentation is on the data from NDBC Stations 44025 and 44004 because of their longer data records. Thresholds for storm classifications are presented and discussed, followed by a discussion of composite climatologies of storm characteristics. 
a. Storm Classification
To determine the thresholds for ECCS identification, the time series of the surface pressure shown in Figure 2a and 2b were analyzed as described in the previous section.
The mean surface pressure for NDBC Station 44004 was 1016.7 hPa, with a standard deviation of 7.7 hPa. For NDBC Station 44025, the mean surface pressure was 1016.2 hPa, with a standard deviation of 7.6 hPa. The similarity in mean surface pressure suggests that any differences in storm counts are not related to the small differences in The 'all-storm' composite value at 44025 is 2.53 m, in contrast to a 'non-storm' composite of 1.26 meters, and at 44004 the 'all storm' composite is 4.02 m in contrast to a 'non-storm' composite of 2.04 m. The dominant wave period is longer at 44004 than at 44025, but shows little difference at either NDBC Station due to the storm strength.
c. Local Impacts of ECCSs
To assess the local impact of the ECCSs we primarily use the time series of storm surge at The Battery and compare the correspondence between the surge and measurements from the local NDBC Station's buoy (44025) 
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